Recent work has revealed that large numbers of promoters in bacteria are located inside genes. In contrast, almost all studies 22 of transcription have focused on promoters upstream of genes. Bacterial promoters are recognized by Sigma factors that 23 associate with initiating RNA polymerase. In Escherichia coli, one Sigma factor recognizes the majority of promoters, and 24 six "alternative" Sigma factors recognize specific subsets of promoters. One of these alternative Sigma factors, FliA (σ 28 ), 25 recognizes promoters upstream of many flagellar genes. We previously showed that most E. coli FliA binding sites are 26 located inside genes. However, it was unclear whether these intragenic binding sites represent active promoters. Here, we 27 construct and assay transcriptional promoter-lacZ fusions for all 52 putative FliA promoters previously identified by ChIP-28 seq. These experiments, coupled with integrative analysis of published genome-scale transcriptional datasets, reveal that 29 most intragenic FliA binding sites are active promoters that transcribe highly unstable RNAs. Additionally, we show that 30 widespread intragenic FliA-dependent transcription is a conserved phenomenon, but that the specific promoters 31 are not themselves conserved. We conclude that intragenic FliA-dependent promoters and the resulting RNAs 32 are unlikely to have important regulatory functions. Nonetheless, one intragenic FliA promoter is broadly 33 conserved, and constrains evolution of the overlapping protein-coding gene. Thus, our data indicate that intragenic 34 regulatory elements can influence protein evolution in bacteria, and suggest that the impact of intragenic 35 regulatory sequences on genome evolution should be considered more broadly. 36 37 38 AUTHOR SUMMARY 39 40
sites in Escherichia coli. In our current study, we show that while most intragenic FliA promoters are actively
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To compare FliA binding site location to TSS mapping data, we determined the distance from the predicted FliA 142 promoter sequence associated with each FliA binding site [17] to all downstream TSSs within 500 bp ( Figure   143 2A). For most well-characterized FliA-dependent promoters for flagellar genes, the distance between the center 144 of the promoter sequence and TSS was between 18 and 22 bp. For other FliA binding sites, we observed a strong 145 enrichment for TSSs between 18 and 23 bp downstream of FliA motif centers. In total, 38 of the 52 FliA binding 146 sites have a TSS located 18-23 bp downstream of the center of their predicted promoter. This positional 147 enrichment is highly significant when compared to the same analysis performed with a randomized TSS dataset; 148 only one random TSS was between 18-23 bp downstream of a FliA motif center (Fisher's exact test, p<0.0001).
150
To systematically assess whether FliA binding sites are associated with signal in the NET-seq dataset, the 151 sequence read coverage upstream and downstream of FliA binding sites was determined. For FliA binding sites 152 associated with a TSS, the read coverage at each position from -100 to +100 was determined relative to the TSS. 153 For all other FliA binding sites, a TSS was predicted at 20 bp downstream of the predicted promoter sequence 154 center (average position of other TSSs), and coverage was determined from -100 to +100 relative to this position. 155 The coverage profile for each binding site was normalized to the minimum and maximum coverage in the region and plotted as a heatmap ( Figure 2B ). There is a clear trend of higher NET-seq read coverage downstream of FliA transcription of the downstream motABcheAW operon, was the most highly conserved. All other wellcharacterized, flagellar-related FliA promoters were well-conserved at the sequence level, with the exception of 184 the promoter upstream of the fliLMNOPQR operon, which is also transcribed by σ 70 in E. coli. Most novel 185 intergenic and intragenic FliA binding sites showed no evidence of conservation, even in close relatives such as 186 Salmonella. It should be noted that a few intragenic FliA binding sites, such as those inside hslU, glyA, and ybhK, 187 appear conserved, but score equally well in species that lack fliA (Klebsiella and Raoultella), suggesting they are 188 maintained for reasons independent of their ability to bind FliA, most likely because of high levels of conservation 189 for these protein-coding genes. A few other intragenic promoters, such as those inside uhpC, hypD, metF, and 190 speA, show possible sequence conservation in Salmonella, but not in more distantly related genera. derivative expressed from its native locus. A total of 23 high-confidence FliA binding sites were identified (Table   197 2, Figure 4A ). Of these 23 sites, three are inside genes but within 300 bp of a gene start (13%; Figure 4B ), and 198 five are inside genes and far from a gene start (22%). No equivalent ChIP-seq peaks were identified using a 199 control, untagged strain of S. Typhimurium. All 23 S. Typhimurium FliA binding sites are associated with a match 200 to the consensus FliA motif ( Figure 4C ; MEME, E-value = 7.4e -49 ). As predicted by the sequence conservation 201 analysis ( Figure 3 ), FliA-dependent promoters upstream of key flagellar operons were conserved in S.
202
Typhimurium. However, with the exception of the motA promoter that is located inside flhC, no intragenic FliA 203 binding sites were found to be conserved between E. coli and S. Typhimurium. The motA promoter within flhC constrains evolution of the FlhC protein 213 Although most intragenic FliA promoters in E. coli are not well conserved in other species, the motA promoter, 214 located inside flhC, is highly conserved (Figure 3 ). However, it is unclear whether this conservation is due to 215 selective pressure on the promoter or on the amino acid sequence of FlhC, which is encoded by the same DNA.
216
As expected given the conservation of the motA promoter inside flhC, the two FlhC amino acids, Ala177-Asp178, 217 that are encoded by sequence overlapping the -10 region, are highly conserved among γ-proteobacteria ( Figure   218 6A). Strikingly, the amino acids flanking the Ala-Asp sequence are poorly conserved ( Figure 6A ), leading us to 219 hypothesize that the Ala-Asp motif is conserved due to selective pressure on the motA promoter, rather than on 220 the amino acids themselves. To test this hypothesis, we determined whether Asp178 is required for FlhC function. 221 We created a strain of motile E. coli MG1655 in which the flhDC promoter is transcriptionally active, but flhC is 222 replaced with a cassette containing thyA under the control of a constitutive σ 70 promoter. Thus, this strain lacks 223 the motA promoter, but we reasoned that motA would be co-transcribed with thyA ( Figure 6B ). We then introduced 224 either wild-type FlhC or D178A FlhC from a plasmid, or an empty vector control. Cells containing the empty 225 vector control were non-motile, as expected given that they lack FlhC ( Figure 6B ). By contrast, cells expressing 226 wild-type FlhC from the plasmid were fully motile. Strikingly, cells expressing D178A FlhC were also fully 227 motile (mean motility level relative to wild-type FlhC of 0.97 ± s.d. 0.09, n = 3; Figure 6B ). We conclude that the 228 conserved Asp178 is not required for FlhC function. (conserved in 70% and 56% of species, respectively), we identified 44 species in which Asp178 is not conserved. species in which Asp178 is not conserved are likely to have repositioned the motA promoter. To test this 236 hypothesis, we extracted the intergenic sequences between flhC and motA for each of the 44 species where Asp178 237 is not conserved. Consistent with our hypothesis, we identified a strongly enriched sequence motif (n = 19; E-238 value = 1.5e -32 ) corresponding to a consensus FliA promoter ( Figure 6C ). By contrast, when we repeated this 239 analysis for the 55 species where Asp178 is conserved, we did not observe enrichment of a FliA promoter motif 240 in the flhC-motA intergenic region. We conclude that the selective pressure on Asp178 is lost in species that 241 reposition the motA promoter to the flhC-motA intergenic region. (Figure 1 ). Many of these FliA binding sites, and some additional sites that had inactive 251 lacZ fusions, are associated with correctly positioned TSSs and NET-seq signal from published studies [26, 27] . 252 Together, these data suggest that almost all FliA binding sites represent transcriptionally active FliA-dependent 253 promoters, regardless of their location relative to protein-coding genes. The small subset of FliA binding sites 254 that appear to be transcriptionally inert were amongst the most weakly bound sites detected by ChIP-seq [17] .
255
Three of these sites have at least one mismatch to key -10 region residues [22] , suggesting that the sites are 256 unlikely to be active promoters, or are so weakly transcribed that their activity is undetectable using standard 257 assays.
259
Although most intragenic FliA binding sites are likely to represent active promoters, they are not associated with 260 the transcription of stable RNAs, since we previously detect very few such RNAs using standard RNA-seq [17] . 261 We conclude that most intragenic FliA promoters drive transcription of unstable RNAs. This is consistent with 262 the previously described phenomenon of "pervasive transcription" that generates large numbers of short, unstable 263 transcripts, primarily from promoters within genes [1, 2] . Intragenic promoters typically drive transcription of only those that drive transcription of an mRNA for a downstream gene appear to be at all functionally conserved.
A few intragenic promoters, such as those within hslU, glyA, and ybhK, are conserved at the sequence level 273 between E. coli and many species. However, the fact that these sites are also conserved in two genera not encoding 274 fliA, Klebsiella and Raoultella, suggests that the DNA sequences are maintained for reasons independent of FliA, 275 most likely positive selection on the codons for the overlapping protein-coding genes.
277
To experimentally validate the sequence-based conservation predictions, we performed ChIP-seq on S. FliA promoter functionally conserved between E. coli and S. Typhimurium is that within flhC. While specific 284 intragenic FliA binding sites were not conserved, S. Typhimurium FliA binds multiple intragenic sites. This 285 suggests that the factors affecting FliA specificity, or lack thereof, are similar between E. coli and S. 286 Typhimurium, and that the phenomenon of intragenic FliA promoters is conserved even if the specific promoters 287 are not.
289
It should be noted that lack of conservation of specific promoters does not necessarily indicate a lack of functional 290 importance, but could instead reflect lineage-specific evolution. Indeed, regulatory small RNAs are often poorly 291 conserved, even between closely related species [32] [33] [34] . Consistent with this, one of the two stable, FliA-292 transcribed non-coding RNAsthat transcribed from within uhpTis likely a functional regulator, despite a lack 293 of promoter conservation. A recent study detected numerous Hfq-mediated interactions between mRNAs and 294 RNA originating from the 3' end of uhpT [35] . Although the uhpT sequences from these interactions map to 295 locations downstream of the sRNA predicted by RNA-seq [17] , an earlier microarray study and NET-seq data 296 suggest that the FliA-transcribed sRNA extends further downstream [27, 36] . The other stable, FliA-transcribed 297 non-coding RNAthat transcribed from within hypDwas not detected in any sRNA:mRNA interactions [35], suggesting that it is not functional. Unstable, FliA-transcribed non-coding RNAs are also likely not functional, given their transient nature, and the lack of promoter conservation.
301
Intragenic FliA promoters likely arise as a result of sequence drift during evolution. The prevalence of intragenic 302 FliA promoters in E. coli and S. Typhimurium suggests that they do not substantially impact expression of the 303 overlapping genes. Consistent with this, we detected significant FliA-dependent regulation of only three S. 304 Typhimurium genes with an internal FliA site ( Figure 5 ; Table 2) ; one of these genes is immediately upstream of Although most intragenic FliA promoters are not conserved, the promoter within flhC is the most highly 317 conserved of all FliA promoters. This promoter has been described previously, and drives transcription of the 318 motAB-cheAW operon mRNA [17, 38, 39] . FliA promoters require a stringent match to the consensus promoter 319 sequence [22] , and this is reflected by the high information content in the sequence motif associated with FliA 320 binding, especially in the -10 region ( Figure 4C independent lines of evidence support the idea that the Ala-Asp sequence motif is conserved due to selective pressure on the intragenic FliA promoter and not on the amino acids themselves: (i) amino acids close to the Ala-325 Asp motif that are not associated with FliA promoter elements are poorly conserved ( Figure 6A) ; (ii) the Ala-Asp 326 motif is not present in the X-ray crystal structure of FlhDC [40] , suggesting that it is in a disordered region; (iii)
327
Asp178 does not detectably contribute to FlhC function ( Figure 6B) ; and (iv) in proteobacterial species where 328 flhC and motA are adjacent genes but FlhC Asp178 is not conserved, an alternative FliA promoter is often located 329 in the intergenic region between flhC and motA ( Figure 6C ). Thus, even in cases where the specific FliA promoter 330 inside flhC is not conserved, the presence of a FliA promoter upstream of motA is conserved. If the FliA promoter 331 inside flhC were conserved because of selective pressure on the Ala-Asp motif, we would expect that (i) 332 surrounding amino acids would also be conserved, regardless of whether they are encoded in sequence 333 overlapping key FliA promoter elements, (ii) the Ala-Asp motif would be part of an important structural motif,
334
(iii) Asp178 would be required for motility, and (iv) in species where Asp178 is not conserved, there would be 335 no selective pressure to acquire an alternative FliA promoter for motA. We therefore conclude that the amino acid 336 sequence of FlhC is constrained by the internal promoter for motA. Thus, the evolution of FlhC protein sequence 337 is directly impacted by the function of the downstream gene.
339
The potential for an abundance of bacterial duons 340 A recent study [15] coined the term "duon" to refer to sequences that are under selective pressure for two distinct 341 functions, and identified large numbers of potential duons in the human genome. While the specific findings of 342 that study have been questioned [41] , the FliA promoter inside flhC clearly represents a bacterial duon. We 343 propose that duons are likely to occur far more frequently in bacteria than in eukaryotes. The compact nature of 344 bacterial genomes causes them to be gene-dense, greatly limiting the non-coding sequence space; in E. coli, ~90% 345 of the genome is protein-coding, in stark contrast to the human genome, which is <2% protein-coding. Consistent 346 with the paucity of non-coding sequence in bacterial genomes, numerous intragenic binding sites have been 347 identified for transcription factors and σ factors [2, [4] [5] [6] [7] [8] [9] [10] [11] . In some cases, low stringency in the DNA sequence 348 requirements for binding may limit the potential for duons. For example, there are many intragenic σ 70 promoters 349 in E. coli [3] , but σ 70 promoters can still be active with multiple mismatches to the consensus [3]. Hence, even if an intragenic σ 70 promoter is under positive selective pressure, it could acquire mutations that alter the overlapping coding potential without affecting promoter strength. However, bacterial transcription factors tend to have high 352 information content binding sites, especially compared to their eukaryotic equivalents [42, 43] . This suggests that 353 functional conservation of intragenic transcription/σ factor binding sites in bacteria will often constrain evolution 354 of the overlapping gene. First, an intragenic promoter for the alternative σ factor, σ 24 , is conserved both at the sequence level and 360 functionally [44, 45] . This promoter drives transcription of a non-coding, regulatory RNA, MicL, that is also 361 conserved [44] . Hence, both the promoter and non-coding RNA might represent dual-usage sequence. Second, 362 an alternative σ factor, σ 54 , binds many intragenic sites in E. coli and S. Typhimurium that are conserved both at 363 the sequence level and functionally [4, 46] , suggesting that they may be duons. Since conserved intragenic σ 54 364 binding sites are likely to be promoters for downstream genes [4], evolution of the amino acid sequence of proteins 365 encoded by genes containing σ 54 promoters may often be constrained by the function of the downstream gene.
367
Extrapolating from our data for FliA, the majority of intragenic transcription/σ factor binding sites are likely to 368 be non-functional, and hence not under positive selective pressure. These sites would therefore not be duons.
369
Even though the complete regulons of most E. coli transcription/σ factors remain to be mapped, thousands of 370 intragenic sites have already been identified, implying that there are thousands more sites yet to be discovered.
371
Even if only a small fraction of intragenic sites are under positive selective pressure, this would indicate the 372 existence of many duons. Hence, our data suggest that the evolutionary impact of intragenic regulatory sequences 373 should be considered more broadly, as it is likely to be an important factor shaping bacterial genome evolution. parentheses are <300 bp downstream of a FliA binding site. Underlining indicates that the putative promoter is in 620 the antisense orientation relative to the overlapping gene. If a gene start is located within 300 bp of the putative 621 FliA promoter, that gene name is listed as well. reference sequence (NC_003198.1). 632 2 Fold Above Threshold (FAT) score, a measure of relative ChIP enrichment. 633 3 Genome coordinate of the sequence motif identified using MEME. Coordinates are relative to the 14028s 634 chromosomal reference sequence (NC_003198.1). 635 4 Genomic strand of the sequence motif identified using MEME. 636 5 Sequence of the motif identified using MEME. 637 6 For intergenic FliA binding sites, the downstream gene is listed. Genes containing intragenic FliA binding 638 sites are listed in parentheses. Underlining indicates that the putative promoter is in the antisense orientation 639 relative to the overlapping gene. If a gene start is located within 300 bp of the putative FliA promoter, that gene 640 name is listed as well. 
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